Aging is accompanied by an alteration of spatial memory, which has been related to an alteration in hippocampal plasticity. Within the dentate gyrus, new neurons are generated throughout the entire life of an individual. This neurogenesis seems to play a role in hippocampal-mediated learning and learning-induced changes in neurogenesis have been proposed to be involved in memory. However, in aged rats, little is known on the influence of learning on the early development of the adult-born neurons and on the possible involvement of learning-induced changes in neurogenesis in age-related memory deficits. To address this issue, we took advantage of the existence of spontaneous individual differences for performances observed in aged subjects in the water maze. In this task, learning can be divided into two phases, an early phase during which performances quickly improve, and a late phase during which asymptotic levels of performances are reached. We show that the influence of spatial learning on the survival of the newly born cells depends on their birth date and the memory abilities of the aged rats. In aged rats with preserved spatial memory, learning increases the survival of cells generated before learning whereas it decreases survival of cells produced during the early phase of learning. These results highlight the importance of learning-induced changes in adult-born cell survival in memory. Furthermore, they provide new insights on the possible neural mechanisms of aging of cognitive functions and show that an alteration to the steps leading to neurogenesis may be involved in the determination of individual memory abilities.
Introduction
Normal aging is generally accompanied by a progressive cognitive decline particularly in memory functions (Grady and Craik, 2000; Small, 2001) . In rodents, this decline has been shown in different learning tests especially involving spatial memory like the water maze (Gage et al., 1984; Gallagher et al., 1993) . These impairments, similar to those observed after hippocampal lesions (Redish and Touretzky, 1998; Stoelzel et al., 2002) , are associated with deteriorations of hippocampal circuitry and plasticity (Geinisman et al., 1986; Fischer et al., 1992; Smith et al., 2000) . However, this aging-related alteration of cognitive functions is extremely variable within a population. In the hippocampaldependant version of the water maze, some old animals show a clear impairment in spatial memory, whereas others exhibit capacities similar to those of younger individuals (Gage et al., 1988; Markowska et al., 1989; Rapp and Amaral, 1992; Gallagher et al., 1993) . These individual differences analyses have successfully linked functional and structural modifications of the hippocampal formation (HF) with age-related disorders.
The dentate gyrus (DG) of the HF is one of the areas in which neurons are generated throughout life (Abrous et al., 2005; Aimone et al., 2006) . Neurogenesis has been hypothesized to play a role in hippocampus-mediated learning in young adult rodents. Conditions increasing memory performances also enhance neurogenesis whereas situations reducing neurogenesis induce cognitive impairments (Kempermann et al., 1997; van Praag et al., 1999; Lemaire et al., 2000; Shors et al., 2001) . Moreover, spatial learning influences the production and the fate of the newly born cells according to their birth date. Indeed, learning increases the survival of cells born before the learning (Gould et al., 1999; Hairston et al., 2005) . However, the survival of cells generated during the early phase of learning (when performances improve rapidly) is decreased by the late phase of learning when performances are stabilized. Furthermore, this late phase increases cell proliferation (Lemaire et al., 2000; Dobrossy et al., 2003) .
During aging, little is known about the relationship between neurogenesis and spatial memory. It has been shown that exposure of middle-aged or senescent animals to an enriched environment increases spatial memory abilities and neurogenesis (Kempermann et al., 1998 (Kempermann et al., , 2002 . Furthermore, neurogenesis is positively correlated to performances in the water maze . Finally, lowering corticosterone levels in midlife increases hippocampal neurogenesis and spatial memory performances (Montaron et al., 2006) . However, it remains unknown whether spatial learning in aged animals influences birth and/or survival of adult-born cells and whether these dynamic changes depend on memory abilities.
To address this issue, we analyzed the influence of spatial learning on the production, survival, and fate of cells, depending on their birth date. Cell genesis was studied by injecting bromodeoxyuridine to date the birth of cells produced before, during, or after the training. We showed that, in aged rats with preserved performances, learning increases the survival of cells generated before learning, but decreases the survival of cells produced during the early phase. These results provide new insights as to the possible neural mechanisms of aging of spatial memory and show that alterations of the chain of events leading to neurogenesis may be involved in spatial hippocampal-dependant memory abilities.
Materials and Methods
Animals. One hundred and thirty male Sprague Dawley rats (Iffa Credo, Lyon, France) between 11 and 12 months of age were purchased and maintained undisturbed in our facilities under a constant 12 h light/dark cycle (light on from 8 A.M. to 8 P.M.) with ad libitum access to food and water. Temperature (22°C) and humidity (60%) were kept constant. Four weeks before the start of the experiments, animals were housed individually and handled. Animals with bad general health status or tumor were excluded. All experiments were conducted in strict compliance with the recommendations of the European Union (86/609/EEC) and the French National Committee (87/848).
Water-maze training. At 20 months of age, rats (n ϭ 93) were trained in a Morris water maze according to a previously described method . Briefly, the pool (180 cm diameter, 60 cm high) was filled with water (21°C) made opaque by addition of milk powder. An escape platform was hidden 2 cm below the surface of the water in a fixed location in one of four quadrants, halfway between the wall and the middle of the pool. Before the start of training, animals were habituated to the pool without platform 1 min per day for 3 d. During training, animals were required to locate the submerged platform using distal extramaze cues. They were all tested for four trials per day (90 s with an intertrial interval of 30 s and beginning from three different start points that varied randomly each day). If an animal did not find the platform, it was set on it at the end of the trial. The time to reach the platform (latency in seconds) and the length of the swim path (distance in meters) were measured with a computerized tracking system (Videotrack; Viewpoint, Lyon, France). Daily results were analyzed to rank animals according to their behavioral score. In the first experiment, all animals were trained for 8 d and were not allowed to reach asymptotic levels of performances. Asymptotic performance was defined when performances were stable for at least for 3 training days. Animals from experiments 2-4 were trained in the water maze until the aged unimpaired rats (with behavioral scores below the median of the group) reached at least 3 d of stable performances (with no statistical significant difference between days). Aged impaired rats (with behavioral scores above the median of the group) did not maintain a stable performance. Untrained (UnT) animals were left in the animal house and were not exposed to the water maze.
5-Bromo-2Ј-deoxyuridine injections. 5-Bromo-2Ј-deoxyuridine (BrdU; Sigma, St. Louis, MO), a thymidine analog incorporated into genetic material during the S phase of the cell cycle, was used to label dividing cells. Animals received one daily intraperitoneal injection of 50 mg/kg BrdU during 5 d according to a previously described method . Trained animals were injected 1 week before the behavioral task (first experiment), during the first 5 d of the training (second experiment), during the last 5 d of the training (third experiment), or 9 d after the completion of the task (fourth experiment). Rats in the second and third experiments were injected 30 min before the session and were replaced in their home cage until the beginning of the training. Untrained animals received BrdU injections in the same daytime period as the trained animals.
Immunostaining. Animals were deeply anesthetized with an overdose of sodium pentobarbital and perfused transcardially with 300 ml of PBS, pH 7.3, containing heparin (5 ϫ 104 IU/ml), followed by 600 ml of 4% paraformaldehyde in 0.1 M phosphate buffer, pH 7.3. After a 24 h postfixation period, 50 m frontal sections were cut on a vibratome and collected in PBS, pH 7.4 (0.1 M). For BrdU and Ki67 labeling, one in 10 free-floating sections was processed according to a standard immunohistochemical procedure Montaron et al., 2006 ) using a mouse anti-BrdU monoclonal antibody or a mouse anti-Ki-67antibody (both at 1:100; Dako, Glostrup, Denmark) visualized with the biotinstreptavidin technique (ABC kit; Dako) by using 3,3-diaminobenzidine as chromogen.
The neuronal phenotype of the newly born cell was examined by immunofluorescence double-labeling on adjacent sections by using rat monoclonal anti-BrdU antibody (1:500; Accurate Scientific, Westbury, NY), revealed with a CY3 anti-rat antibody (1:1000; Jackson ImmunoResearch, West Grove, PA), combined with a goat polyclonal antidoublecortin (DCX) antibody (1:200; Santa Cruz Biotechnology, Santa Cruz, CA) or with a mouse monoclonal anti-neuronal-specific nuclear protein (NeuN) antibody (1:1000; Millipore Euromedex, Souffelweyersheim, France) revealed, respectively, with an Alexa 488 anti-goat antibody or an Alexa 488 anti-mouse antibody (1:1000; Jackson ImmunoResearch).
Labeling quantification. The number of BrdU-immunoreactive (IR) cells in the DG was estimated by using a modified version of the optical fractionator method on a systematic random sampling of every 10th 50 m section along the rostrocaudal axis of the HF . On each section, all BrdU-IR cells were counted with a ϫ100 microscope objective in the granule and subgranular layers of the left and right DG and in the hilus, excluding those in the outermost focal plane. Resulting numbers were tallied and multiplied by the inverse of the sectionsampling fraction (1/ssf ϭ 10). Adjacent sections were counterstained and the surface of the granule cell layer (GCL) was measured using a StereoInvestigator System (MicroBrightfield, Williston, VT) and reference volume estimated using the Cavalieri method: Vref ϭ T ϫ ⌺A ϫ (1/ssf), where T is the mean thickness of the vibratome section (50 m) and A is the area of the granule and subgranular cell layers.
The percentage of BrdU-labeled cells that expressed the neuronal markers DCX or NeuN was determined throughout the dentate gyrus by using a confocal microscope with HeNe and argon lasers (DMR SP2 AOBS, Leica Nussloch, Germany; or LSM 510 META, Zeiss, Oberkochen, Germany). All BrdU-labeled cells were examined except those located in the middle part of the section, where penetration of DCX or NeuN antibodies was not reliable. Sections were optically sliced in the z plane by using a 1 m interval, and cells were rotated in orthogonal planes to verify double labeling.
General procedures. For each experiment, two experimental groups were used: one trained group submitted to the spatial learning, and one control or untrained group made of animals of the same age that were injected with BrdU and perfused at the same time as the trained animals, but which were never exposed to the water maze. In each trained group, all animals were submitted to the same amount of training.
First experiment: effect of spatial learning on the survival of newly born cells. We examined the influence of spatial learning in a water maze on the survival of previous newly born cells in aged rats. Twenty-month-old rats (trained group; n ϭ 27) received BrdU injections for 5 d. They were left undisturbed for 8 d and then all of the animals of the trained group were trained during 8 d in the water maze. Animals were perfused after the last day of training. Seven animals were used for the control untrained group and were left undisturbed during the whole procedure.
Second experiment: effect of spatial learning on the number of cells produced during the early phase of learning. We studied the influence of spatial learning in the water maze on the number of newly born cells produced during the early phase of the learning. Twenty-one-month-old rats (trained group; n ϭ 22) were injected with BrdU during the first 5 d of a 12-d-long training period. Animals were perfused after the last day of training. Nine animals were used for the control untrained group.
Third experiment: effect of spatial learning on the number of cells produced during the late phase of learning. We assessed the influence of spatial learning in the water maze on the number of newly born cells produced during the late phase of the learning. Twenty-one-month-old rats (trained group; n ϭ 26) were injected with BrdU during the last 5 d of an 11-d-long training period. Animals were killed after the last day of training. Fourteen animals were used for the control untrained group.
Fourth experiment: effect of spatial learning on the number of cells produced after the training. To determine whether the production of new cells is influenced after learning, 21-month-old rats were injected with BrdU (for 5 d) 9 d after a 10-d-long training period (trained group; n ϭ 18). Animals were killed the day after the last BrdU injection. Seven animals were used for the control untrained group.
Statistical analysis. Data were analyzed by an ANOVA followed by a post hoc comparison using the Newman-Keuls test when appropriate. Relationships between learning performances and anatomical parameters were evaluated using the Pearson's correlation test. All data are reported as mean Ϯ SEM.
Results
Learning increases the survival of cells whose birth predates the beginning of training in aged rats with preserved spatial memory (first experiment) In the water-maze task, animals are required to locate a hidden platform using the spatial cues available in the testing room. Learning of this task is reflected by a progressive decrease in the latency (or the distance) to find the escape platform. The evolution of performance is characterized by two consecutive phases. During the early phase, there is a fast and large (Ͼ80%) improvement in performance. During the late phase, there is a smaller increase in performance (Ͻ20%) and a stable baseline is reached.
In young adult rats, the early phase of learning has been shown to increase the number of new cells that are produced 1 week before exposure to the water maze (Gould et al., 1999; Hairston et al., 2005) . Here, rats were injected with BrdU and all rats of the training group were exposed to the water maze (four daily trials for 8 d) 8 d after the last BrdU injection (first experiment) (Fig.  1a) and were killed before the stabilization of the performances (after eight training days). It has been well established that there are important individual differences in spatial memory abilities (Markowska et al., 1989; Rapp and Amaral, 1992; Gallagher et al., 1993) . Indeed, in the water maze, some old individuals show a clear impairment in spatial reference memory, whereas others are not impaired and exhibit cognitive capacities similar to those of younger individuals. The analysis of such individual differences is considered a valuable strategy for the study of the neurobiological substrates of cognitive aging. To take interindividual differences in learning abilities of aged rats into account, the number of BrdU-IR cells was correlated with individual performances. A significant negative correlation was found between the mean (i.e., the mean of the four daily trials over the whole duration of the training) latency and distance to reach the hidden platform and the number of BrdU-IR cells in the GCL (Figs. 1b,c, 2a ) (latency, r ϭ Ϫ0.535, p ϭ 0.004; distance, r ϭ Ϫ0.523, p ϭ 0.004); the highest numbers of BrdU-IR cells were found in rats having the best performances in the water maze [i.e., the shortest latencies (or distances) to reach the platform]. This indicates that learning and not training increased the survival of the cells generated before exposure to the task. In contrast, there was no correlation between the behavioral performances and the reference volume (latency, r ϭ Ϫ0.118, p ϭ 0.558; distance, r ϭ Ϫ0.207, p ϭ 0.301).
To further characterize the relationships between neurogenesis and learning, two subgroups of animals were selected on the basis of their behavioral performances (either below or above the median of the group) (Piazza et al., 1989; Lemaire et al., 1999) . To this end, on the basis of the mean latency (i.e., mean of the four daily trials over the whole duration of the training), one group of animals was classified as aged unimpaired (AU) (n ϭ 14) and the other group was classified as aged impaired (AI) (n ϭ 13). As expected, the evolution of performance of the AU and AI groups was different: in the AU group, there was a dramatic improvement in performance, which was not the case for the AI group (Fig. 1d,e ). These differences in learning were not caused by any motor-performance alterations because the swim speeds did not differ between groups (AI, 25.72 Ϯ 2.42 cm/s; AU, 22.38 Ϯ 1.04 cm/s; t (25) ϭ Ϫ1.301; p ϭ 0.205).
Trained animals were compared with UnT animals for their BrdU-IR cell number. The number of BrdU-IR cells in the GCL of AU rats was significantly increased compared with UnT and AI animals ( Fig. 1f ) (F (2,31) ϭ 4.499; p ϭ 0.019; UnT ϭ AI Ͻ AU at p Ͻ 0.05). Thus, animals with the best performances exhibited the highest number of BrdU-IR cells whereas rats with the worst performances exhibited a number of BrdU-IR cells similar to that measured in UnT rats. These results were not caused by a difference in the reference volume (UnT group, 4.439 Ϯ 0.215 mm 3 ; Figure 1 . Spatial learning increases the survival of neurons whose birth predates the beginning of training in aged rats with a preserved spatial memory. a, Experimental protocol of the first experiment, the arrows indicate the BrdU injections, the cross indicates the day the animals were killed. b, c, Correlation between individual performances in the water maze measured by the mean latency (b) or distance (c) to reach the hidden platform and the total number of BrdU-IR cells in the GCL of the dentate gyrus of aged rats. d, e, Spatial learning as shown by the evolution of the mean latency (d) or distance (e) to find the hidden platform for AU and AI rats. f, Total number of BrdU-IR cells in the GCL of UnT, AU, and AI rats. *p Ͻ 0.05 compared with the other groups.
AI group, 4.367 Ϯ 0.201 mm 3 ; AU group, 4.683 Ϯ 0.192 mm 3 ; F (2,31) ϭ 0.743; p ϭ 0.484).
We then determined the phenotype of the newly born cells that have survived after the training. For this purpose, we used an immature neuronal marker, DCX, and a mature neuronal marker, NeuN. We found that few BrdU-labeled cells expressed DCX (UnT group, 4.42 Ϯ 3.14%; AI group, 3.59 Ϯ 1.42%; AU group, 4.50 Ϯ 3.44%; F (2,14) ϭ 0.040; p ϭ 0.961).
In contrast, about one-half of the population of the newly generated cells expressed NeuN, indicating differentiation to a neuronal phenotype (Fig. 2d) At this time point, the number of proliferating cells assessed by Ki67 (Endl et al., 2001) immunolabeling in the GCL of AU rats (Fig. 2b) All together, these data show that, in aged rats with preserved spatial memory, the early phase of learning, during which performances dramatically improve, increased the survival of neurons whose birth date predated the learning. In contrast, cell proliferation was not changed by learning when measured at the end of training.
Learning decreases the number of BrdU-IR cells produced during the early phase of spatial learning in aged rats with preserved spatial memory (second experiment) We have shown in young adult rats that the late phase of learning, characterized by a lack of additional improvement of the performances, decreased the number of cells produced during the early phase of learning (Döbrössy et al., 2003) . To study the influence of spatial learning on the number of BrdU-IR cells produced during this early phase of learning, aged animals were injected with BrdU during the first 5 d of training (Fig. 3a , second experiment). All animals were killed when the AU group exhibited 3 d of stable performances. A significant negative correlation was found between the mean (i.e., mean of the four daily trials over the whole duration of the training) latency and mean distance to reach the hidden platform, and the number of BrdU-IR cells in the GCL (Figs. 2c, 3b,c) (latency, r ϭ 0.496, p ϭ 0.019; distance, r ϭ 0.437, p ϭ 0.042). This indicates that learning and not training decreased the number of the cells generated during the early phase of the task. In contrast, there was no correlation between the behavioral scores and the number of BrdU-IR cells in the hilus (latency, r ϭ 0.025, p ϭ 0.913; distance, r ϭ 0.084, p ϭ 0.710) or the reference volume (latency, r ϭ Ϫ0.017, p ϭ 0.941; distance, r ϭ Ϫ0.049, p ϭ 0.827).
Then, as described previously, trained animals were split into AI (n ϭ 11) and AU (n ϭ 11) subgroups (Fig. 3d,e) . Although both groups of aged rats acquire the task and are able to reach an asymptotic level of performance, animals from the AU group have a faster improvement of their performance in the water maze than AI animals, and the mean of latencies or distance on the last 3 d of training (when animal performances are stabilized) is lower for aged unimpaired animals than for aged impaired rats. These differences in learning were not related to differences in swim speed (AI, 25.40 Ϯ 0.77 cm/s; AU, 26.72 Ϯ 0.80 cm/s; t (20) ϭ Ϫ1.198; p ϭ 0.245). Trained animals were compared with UnT animals for their BrdU-IR cell number. As shown in Figure 3f , AU rats had the lowest number of newly born cells when compared with the AI and UnT groups (F (2,28) ϭ 8.028; p ϭ 0.001; with UnT ϭ AI Ͻ AU, at least p Ͻ 0.05). Thus, animals with the best performances exhibited the lowest number of BrdU-IR cells. In contrast, in rats that did not learn to quickly locate the platform, the number of BrdU-IR cells was similar to that measured in UnT rats and, thus, was unaffected by water-maze training. We then determined the phenotype of the newly born cells using DCX or NeuN. We found that few BrdU-labeled cells expressed DCX (UnT group, 3.86 Ϯ 0.82%; AI group, 4.09 Ϯ 1.96%; AU group, 4.57 Ϯ 1.80%; F (2,28) ϭ 0.045; p ϭ 0.956). In contrast, ϳ40% of the population of newly generated cells expressed NeuN (Fig. 2d) 36.06 Ϯ 7.03%; AU group, 37.05 Ϯ 5.40%; F (2,28) ϭ 0.011; p ϭ 0.989).
In conclusion, the number of adult-born cells produced during the early phase of learning was influenced by the water-maze training and by spatial memory abilities of the aged rats.
Learning does not modify the number of BrdU-IR cells produced during the late phase (third experiment)
We have demonstrated that, in young rats, the late phase of learning increased the number of new cells produced contingently with this phase (Lemaire et al., 2000; Döbrössy et al., 2003) . Thus, here we studied the influence of a spatial learning on the number of BrdU-IR cells produced during the late phase of training by injecting aged rats with BrdU during the last 5 d of the learning when a stable baseline of performances was reached (third experiment) (Fig. 4a) . Despite important interindividual variations in the trained group, no correlation was found between the individual learning performances measured by the mean (i.e., the mean of the four daily trials over the whole duration of the training) latency or distance to reach the platform and the number of newly born cells in the GCL (Fig. 4b,c) (latency, r ϭ Ϫ0.111, p ϭ 0.591; distance, r ϭ Ϫ0.134, p ϭ 0.514), in the hilus (latency, r ϭ 0.022, p ϭ 0.916; distance, r ϭ Ϫ0.003, p ϭ 0.987), or the reference volume (latency, r ϭ Ϫ0.002, p ϭ 0.991; distance, r ϭ Ϫ0.013, p ϭ 0.951).
The separation of trained group into AI and AU subgroups (Fig. 4d,e) (n ϭ 13 for each group) showed that AU rats mastered the task, reaching an asymptotic level of performances for the 3 last days of training, which was not the case of the AI rats. These differences in learning were not attributable to any motorperformance alterations because the swim speeds did not differ between groups (AI, 21.58 Ϯ 0.66 cm/s; AU, 23.25 Ϯ 0.58 cm/s; t (24) ϭ 1.896; p ϭ 0.583). There was no difference between the different groups regarding the number of BrdU-IR cells in the GCL (Fig. 4f ) (F 2,37 ϭ 0.010; p ϭ 0.990). Finally, we then determined the phenotype of the newly born cells using DCX and found that 10% of the BrdU-labeled cells expressed DCX (UnT group, 10.96 Ϯ 4.09%; AI group, 10.85 Ϯ 2.04%; AU group, 11.43 Ϯ 2.42%; F (2,13) ϭ 0.011; p ϭ 0.986).
These data show that in the aged brain, the late phase of learning did not increase the proliferation of the cells produced contiguously with this phase.
Learning modifies the number of BrdU-IR cells produced after the late phase of spatial learning in aged rats with deficits in spatial memory (fourth experiment) These results indicate that the number of BrdU-IR cells produced during the late phase of learning was not influenced by the watermaze training and by the cognitive status of the aged rats. However, given that neurogenesis is retarded by aging (Heine et al., 2004) , we hypothesized that learning-induced increase in cell proliferation may also be delayed in the old brain. To address this issue, another batch of trained animals (fourth experiment) was injected with BrdU 9 -14 d after the completion of the 10-d-long training period (Fig. 5a ). In these conditions, unexpectedly the behavioral scores were positively correlated with the number of BrdU-IR cells in the DG (Fig. 5b,c) (latency, r ϭ 0.475, p ϭ 0.046; distance, r ϭ 0.508, p ϭ 0.031). After ranking trained animals on the basis of their mean latency to reach the hidden platform during the whole training (Fig. 5d,e) (n ϭ 9 for each group), we found that AI rats had the highest number of newly born cells when compared with the AU and UnT groups (Fig. 5f ) (F (2,22) ϭ 5.515; p ϭ 0.011; with UnT ϭ AU Ͻ AI at least p Ͻ 0.05). These differences could be attributable to the fact that AU animals (24.75 Ϯ 0.72 cm/s) were more active in the water maze compared with the AI animals (20.53 Ϯ 1.63 cm/s; t (16) ϭ Ϫ2.359; p ϭ 0.031).
All together, data from the third and fourth experiments show that, in the aged brain, the late phase of learning did not increase cell proliferation of the cells produced contiguously with this phase. Yet, the water-maze training induced a late bounce of cell proliferation in animals that were unable to master the task during the training.
Discussion
By analyzing the interindividual differences that are spontaneously observed within a population of aged rats, our data show for the first time that the survival of newly born cells is decreased or increased after learning and depending on the birth date and memory abilities of aged rats. In rats showing the best behavioral performances, learning increased the survival of cells generated before training whereas it decreased the survival of cells produced during the early phase of training. However, learning did not modify neuronal determination and cell proliferation.
The production of new neurons in the DG results from cell proliferation and survival of the newly born cells. Here, we showed that, independently of the learning abilities of the aged rats, learning did not increase the proliferation of cells generated contingently during the early (first experiment) or the late phase (third experiment) of learning. This indicates that BrdU availability and metabolism is independent of spatial memory abilities, thereby confirming previous observations . However, these results are in contradiction to those obtained in young rats showing that the late phase of learning increases cell proliferation that occurs during this phase (Lemaire et al., 2000; Döbrössy et al., 2003) . Furthermore, the lack of learning-induced cell proliferation in rats with preserved spatial memory indicated that this process did not sustain ongoing learning. This is not surprising because in young rats learninginduced cell proliferation was not correlated to learning performances (Döbrössy et al., 2003) . Given that during aging, the different steps leading to hippocampal neurogenesis are retarded (Lichtenwalner et al., 2001; Nacher et al., 2003; Heine et al., 2004) , we hypothesized that the lack of learning-induced increase in cell proliferation might be related to a delayed capacity of the senescent brain to respond to learning-triggered signals. However, this did not seem to be the case because 9 -14 d after the completion of the task, cell genesis was not modified in rats with preserved spatial memory, indicating that this process did not sustain ongoing learning. Unexpectedly, cell proliferation was increased in AI rats that exhibited, in this experiment, a higher swimming activity compared with AU rats. Because physical exercise increases cell proliferation (van Praag et al., 1999) , this may explain this late bounce of proliferation. The influence of learning was examined on the survival of cells generated before or during learning. We observed an opposite effect on the fate of cells depending on their birth date and the cognitive status of the rats. The number of cells generated 9 -13 d before exposure to the task was higher in AU rats when compared with the control group and the AI rats. It is likely that these changes in BrdU-labeled cell number resulted from an enhancement of cell survival, as opposed to a further division of the BrdU-labeled cells, because cell proliferation assessed by the number of Ki67-labeled cells was not modified in the same animals. We were not able to determine to what extent a reduction of apoptosis was responsible for the increased survival of BrdUlabeled cells, most probably because of the limits of our detection methods or difference in the kinetics between the two phenomena in the aged brain. Nevertheless, the surviving cells differentiated into neurons. Thus, this survival-promoting effect of learning concerned new-born neurons that were 2 to 3 weeks old during the training. The fact that, in the aged brain, memory abilities were positively correlated to learning-induced increase in the survival of the cells whose birth predated the beginning of learning highlights the importance of this phenomena in the ongoing behavior for the establishment of a spatial map. Consistent with the present results, it has been shown that, in young rats, 4 d of training in the water maze also increased the survival of cells labeled 1 week before training (Gould et al., 1999; Hairston et al., 2005) . Associative learning also increases the survival of newly born neurons generated at least 7 d before the learning (Gould et al., 1999; Olariu et al., 2005) . The fact that few studies did not replicate this finding in young rats has been discussed previously (Abrous and Wojtowicz, 2007) .
In contrast, the late phase of learning decreased the number of newly born BrdU-IR cells that were produced during the early phase of learning. The extent of this decrease was correlated with behavioral performances: it was present in AU rats and absent in AI rats. It could be hypothesized that this decrease in the number of BrdU-IR cells may be caused by a difference in BrdU metabolism and/or the stress generated by the water maze, and/or to a dilution of BrdU-labeling as a consequence of further divisions of labeled cells during the late phase of learning, which may render the staining undetectable. However, these possibilities seem unlikely. First, given that the number BrdU-labeled cells present in the hilus was similar in AI and AU animals, a possible difference in BrdU availability is ruled out (see above) . Second, the number of newly born cells in AI rats that had the same training experience as the AU group did not differ from the ones of untrained control group. Thus, a stress component cannot explain the observed effects. Third, neither the early phase nor the late phase of learning modified the number of newly born cells generated contingently with the late phase. Consequently cells generated during the early phase of learning did not further divide after their labeling with BrdU. The surviving cells differentiated into neurons and the number of 8-to 12-d-old neurons positively correlated with behavioral performances: rats with the highest de novo neuron number were less able to acquire and use spatial information than those with low numbers of new-born neurons. Our present results highlight the importance of this phenomenon in enabling hippocampal learning, given that this step of neurogenesis is altered in aged rats with spatial memory deficits. In young rats, we have shown that the late phase of learning, when asymptotic levels of performances are reached, decreases the survival of cells that are produced during the early phase of learning (Döbrössy et al., 2003) . This effect of learning opposed to the learning-promoting effect of learning described above explains why no effects of spatial learning were found when animals are injected with BrdU during both training phases (van Praag et al., 1999; Döbrössy et al., 2003) . The learning-induced decrease in cell survival is also observed for a natural form of associative learning, social transmission of food preference (Olariu et al., 2005) .
Together, our results and the literature support the hypothesis of a critical period for the learning-induced survival. Newly born cells generated at least 1 week before training might be affected by the learning experience because they are at the adequate period of sensitivity to be rescued by learning (Greenough et al., 1999; Pham et al., 2005) . In contrast, cells generated during the early phase of learning might be too young and/or may not have reached adequate maturational stages to be rescued by learning stimuli and, consequently, die. However, whether the surviving newly born neurons participate or not in the memory process remains an open question. The manifestation of learning-related increase in neurogenesis does not prove that they are needed for ongoing behavior. Nevertheless, the observation that the learning-promoting surviving effect is observed specifically in the AU animals strongly suggests that these newly born neurons participate in memory processing. "How" they achieved this goal is an unresolved issue, given that it seems that newborn neurons need several weeks before reaching full functional maturation (Laplagne et al., 2006) . This discrepancy may be attributable to the fact that this conclusion is based on retrovirus labeling, which may delay neuronal development. Alternatively, functional maturation of newborn neurons could be accelerated by learning. Finally, the unique properties of adult-generated neurons (they are more excitable than those born during embryogenesis and exhibit unique responses to external stimuli) (Wang et al., 2000; Ambrogini et al., 2004; Schmidt-Hieber et al., 2004) may qualify them to participate in memory processing before achieving full maturation.
In conclusion, our results highlight the importance of learning-induced changes of adult-born cells survival in memory. This bidirectional plasticity is consistent with the "use it or lose it" principle and indicates that new neurons should "learn to survive" (Greenough et al., 1999) . Considering hippocampal function, this metaplasticity could be necessary to avoid "catastrophic interference" (Greenough et al., 1999; Wiskott et al., 2006) . Finally, our results also provide new insights into the possible neural mechanisms underlying the aging of memory functions by showing that a specific alteration to these developmental steps of adult neurogenesis underlies deficits in spatial memory.
